Masked thresholds for octave-band noises with center frequencies of 0.4, 1, 2, 4, and 10 kHz and for a «-octave-band noise centered at 10 kHz were obtained from listeners 6.5 months to 20.5 years of age at two levels of a broadband masker (0 and 10 dB/cycle). Thresholds declined exponentially as a function of age for all stimuli tested. The rate and extent of this decline, but not its asymptote, were independent of the frequency or bandwidth employed. The time course for this change parallels that found for electrophysiological matural;ion of more central auditory processes.
kHz, was used to produce a continuous background noise over both of the loudspeakers throughout the session. An equalizer was used to compensate for the acoustic properties of the sound-attenuating chamber to produce a relatively flat spectrum for this broadband masker. Octave-band signals were presented over either the left or fight speaker, with a 40-ms rise and decay time. A Commodore microcomputer (model 2001 ) controlled the delivery of stimuli.
C. Calibration
Sound-pressure levels were calibrated with a Bruel and Kjaer impulse precision sound-level meter (model 2204) without the listener present but at the approximate location of the listener's head. Readings on the linear scale were taken with a 0.5-in. microphone directed at the loudspeaker produeing the •ignal. Sound-pressure variation within a 6-in.
radius from the calibration locations never varied by more than -I-2 dB at any frequency and typically was less than 1 dB. The test levels of the signal for each age group and stimulus are shown in Table I . Signal levels were determined on the basis of pilot testing.
The settings on the equalizer were adjusted to be as close as possible to a bandlimited white noise for the frequency range from 0.18-14 kHz. To accomplish this, we measured the sound pressure in adjacent «-octave bands starting at a center frequency of 0.2 kHz and ending with a center frequency of 12.5 kHz. We adjusted the equalizer to obtain as close a fit as possible to the energy distribution expected in adjacent ]-octave bands for a bandlimited white noise (energy increases of 1 dB for each «-octave step). The results are shown in Fig. 1 . For all ]-octave bands, the actual level is within 1.5 dB of the expected level. Hence, the actual masking noise presented at the location of the subject's ear is a reasonable approximation to a white noise over this frequen-TABLE I. Test intensity levels for each stimulus and age group for the 0-dB/cycle masker. Intensity levels for the 10-dB/cyele masker were 10 dB higher. cy range. Two levels of masking noise were employed, one with an average spectrum level of 0 dB SPL and the other with an average spectrum level of 10 dB. The ove?all dB SPL for these two maskers was 41 and 51 dB, respectively. The loudspeakers were placed in an Industrial Acoustics sound-attenuating chamber (double-wall, measuring 3 X 2.8 X 2 m), 1.8 m from the center of the listener's chair, which occupied one corner of the room. A chair for the experimenter was located in the comer opposite the listener's chair. Each loudspeaker was at a 45 ø angle to the listener's left and fight. Below each loudspeaker was a four-chamber, smoked Plexiglas box with four different mechanical toys that served to reinforce correct responses. Adjacent to each loudspeaker was a portable color television set (Sony Trinitron, model KV-1911 ), which was used for reinforcement during the second session for children older than 1.5 years; the viewing screen was blaeked out during periods of nonreinforcement.
Frequency

D. Procedure
During the test session, 4-, 8-, and 10-year-old children and adults were seated in a test chair equipped with a push button on each arm. They were instructed to indicate their judgment of the location of the signal by pressing the button on the corresponding side; these responses were recorded automatically. For children 1.5 years of age and younger: the parent sat in the test chair with the child on his or her lap facing the experimenter. The required response was a head turn of 45 ø or greater, which the experimenter recorded by means of a hand-held push hutton. During the test session, the parent, if present, and the experimenter wore headphones with continuous broadband noise to prevent them from detecting the locus of the test signal.
The task was a two-alternative forced-choice procedure. The experimenter pressed a button to initiate a trial only when the listener was judged to be attentive and looking directly ahead. The signal remained on until the listener responded, either by a head turn in the case of younger children, or by a button press in the case of older children and adults. Older listeners sometimes failed to respond within 4 or 5 s because of their reported inability to hear the sound. At such times they were told that the sound was on and were encouraged to listen carefully and guess the sound location. Correct responses resulted in reinforcement, either the presentation of an animated toy or TV cartoon segment for 4 s. Incorrect responses resulted in a 4-s time-out period during which trials were not presented. The mechanical toys were used during the first session with each subject, and the TV cartoons during the second session. Listeners who participated in a third test session could select either type of reinforcement.
Before the subject was brought into the chamber, the masker was presented over both loudspeakers at one of the two levels (0 and 10 riB/cycle) and remained on for the entire time the subject was in the chamber. Between the first and second sessions, the subject left the chamber, at which time the masker intensity was changed to the level required for the second session.
To insure that all of the infants and children tested could perform the task of identifying the sound location, a training criterion was employed with sound intensity well above threshold. Initially, the 4-kHz, octave-band signals used for training were presented at an intensity of 70 dB. During the training period, the location of the signal was alternated on successive trials between left and right loudspeakers until the child had made four successive correct responses. We have found this alternation procedure to be effective in minimizing side biases resulting from random selection of the sound location during the early training trials. (In no instance has this procedure generated a continuing strategy of response alternation in infants.) The intensity was then reduced 10 dB and the alternation continued until the infant again made four successive correct responses. When this criterion was reached, the actual test series began. The training criterion for adults required only two successive correct responses at each training intensity. In subsequent sessions, children older than 6.5 months received this abbreviated training procedure and adults received no further training.
The test phase, which consisted of 30 trials, immediately followed the training phase. Each trial consisted of a single instance of one of the fiv• intensity levels for each of the six bandpass noises. To preclude the occurrence of several successive instances of the lowest intensity, the stimuli were randomized as follows. Six random permutations of the five intensity levels were generated (for each subject) so that all five intensity levels were represented in a block of five trials. The bandpass signal associated with each of these intensity levels was randomly assigned (again for each subject), with the constraint that each bandpass signal appeared only once at a given intensity level. Thus each block of five trials had one of the six stimuli at its highest intensity level. Assignment of signal to loudspeaker location was randomized with the constraints that an equal number of signals appeared on the left and right loudspeakers and that no more than three successive trials had signal presentation from the same side.
With the exception of adults, who were tested in three sessions at each masking level, the subjects were tested only once at each masking level.
Listeners who showed a persistent side bias were eliminated from the final sample. The criterion for exclusion involred 11 or more errors during a session, with 75% or more of these errors occurring on a single side. Only 15 subjects, all 6.5-month-olds, were eliminated for this reason.
It should be noted that subjects listened to each stimulus only once during a session, making this a within-subjects design with a single presentation of each stimulus-masker combination. We selected a within-subjects design to minimize the effects of intersubject differences, which can be substantial at the younger ages (e.g., Trehub et al., 1986 ). Because parents are generally unwilling to bring their infants and children for repeated testing, it was not possible to test each subject extensively at each frequency. On the basis of our previous work (Trehub etal., 1980) , which showed that infants can be tested in two consecutive sessions without any observable decrements in performance, we conducted two sessions, one for each of the two masker levels. Furthermore, in those studies in which we have used periodic probe stimuli (e.g., Trehub et al., 1989), we have not found any decrements in performance over a session. The advantage of the present design is that it permits within-subject comparisons across frequencies and masker levels; its disadvantage is that it precludes the determination of individual thresholds.
II. RESULTS
In Fig. 2 The psychemetric functions for both the 0-and 10-dB/ cycle noise maskers were used to determine threshold values for each of the stimuli for each age group at both masking levels (see Table II ). Threshold was defined as the intensity corresponding to 65 % correct and was determined by linear interpolation between the two intensities on either side of this point. The 65% criterion permits comparisons between the present study and similar developmental studies of absolute thresholds (Trehub et A comparison of these data with absolute thresholds obtained with the same method and stimuli indicates that these masker levels were effective at raising threshold at each of the frequencies tested for each age group with the exception of the youngest ages at 0.4 kHz. The average threshold elevation produced by the 0-dB masker (averaged across age and frequency) was 20.9 dB; for the 10-dB masker, it was 30.1 dB.
It is also interesting to note that the average separation between the 0-and 10-dB/cycle contours in Fig. 3 is 9 .3 dB, which is to be expected for maskers at these levels. For moderate to high levels of masking noise, adult data show that an x-riB increase in masker is accompanied by an x-dB increase the present study are about 2 dB higher than those obtained by Green from two experienced psychophysical observers under optimal test conditions. Note, however, that in the present study and in Green's, the signal-to-noise ratios required for threshold are essentially constant for frequencies less than 5-6 kHz and increase thereafter. Thus the overall pattern for the masking of narrow-band noises appears to differ from that of pure tones. Figure 4 indicates that our adult findings are consistent with those from other studies despite substantial procedural differences, including the present use of sound field rather than earphone testing, and the employment of different signal durations and masker bandwidths.
III. DISCUSSION
In the present experiment, masked thresholds for five octave-band noises (center frequencies of 0.4, 1, 2, 4, and 10 kHz) and a l-octave-band noise at 10 kHz were determined for listeners 6.5 months to 20.5 years of age. Masked thresholds declined exponentially at the same rate and by the same amount as a function of age (b = 20.7, c = 3.2), differing only in their asymptotic levels.
A. Localization versus detection
Our procedure requires listeners to identify the loudspeaker over which a signal is presented, which is a judgment of localization as opposed to detection. It is possible, then, that thresholds for detection and localization might differ. Furthermore, the extent of such differences might depend on the age of the listener and the frequency of the signal. Trehub and Schneider (1987) have demonstrated, however, that, in a quiet background, children 1, 3, and 5 years of age as well as adults localized, in a two-loudspeaker localization task, all stimuli that they could detect in a single-loudspeaker detection task. Moreover, there were no interactions between frequency (0.4 and 10 kHz) and type of task (detection or localization). Thus the available data suggest that, for bandlimited noise in a quiet sound field, detection and localization thresholds are comparable and are independent of the frequency of the stimulus.
To check whether the presence of a broadband masker differentially affects the two tasks, we compared detection and localization performance in a noisy background (0 dB/ cycle) with 1-, 3-, 5-year-old, and adult listeners. In both the detection and localization conditions, broadband noise was presented over both loudspeakers. Only one stimulus intensity was presented during a test session, with each individual tested under both detection and localization conditions. In the detection condition, the signal was presented on the left speaker on 50% of the trials and listeners were required to indicate whether or not a signal was presented. The addition of a noise masker did not significantly affect the relationship between detection and localization thresholds. Overall, sensitivity was roughly comparable for 0.4-and 10-kHz signals in both localization and detection conditions. Taken together, these results suggest that, in quiet or in low levels of masking noise, detection and localization thresholds are similar for both low and high frequencies. Thus it is reasonable to interpret the developmental changes shown in Fig. 3 as refleeting changes in detection thresholds. Details of these experiments will be published in a forthcoming paper (Schneider et al., under review) . 
C. Factors contributing to changes in masked sensitivity
In signal detection theory, noise and signal-plus-noise trials give rise to different distributions of effects along a decision axis. The subject's task, given an observation along this decision axis, is to identify the distribution that produced the observation. The ability of the subject to correctly identify the distribution will depend not only on the separation between the means of these two distributions, but also on their variances. Thus developmental changes which, for a fixed signal-to-noise ratio, result in greater separation between the means of these distributions and/or reduction in the variances of these distributions would increase detectability and lower thresholds. On the other hand, developmental changes that shift these two distributions uniformly would not increase detectability in noise but would lower thresholds in quiet.
Mechanical efficiency
It is worth notifig that changes in masked threshold cannot be attributed to changes in the mechanical efficiency of the outer and middle ear. Suppose, for example, that between 6 months and 8 years, efficiency improves by 10 dB for a given frequency. This improvement in mechanical efficiency would not change the signal-to-noise ratio in a masking experiment because the improved efficiency would enhance both the signal and the noise by the same amount. Because masked thresholds have been shown to depend only on the signal-to-noise ratio for moderate to high levels of the masker, we can conclude that changes in masked thresholds do not reflect maturational changes in mechanical efficiency. However, direct measures of the size of the critical band in infants and children (Schneider et al., in press) with the present sound-field procedure reveal that its size also undergoes little change with age. Thus the available data suggest that changes in the size of the critical band make a relatively minor contribution to age-related changes in masked thresholds.
Motivation and attention
If the critical band changes only a little with age, then how can we explain age-related changes in masked thresholds? One possibility is that infants and young children are simply less motivated to achieve optimal performance. Poorly motivated subjects might be inattentive on some trials, resulting in a perforriaance decrement. It is difficult to rule out such explanations but there are several reasons to suggest that motivational factors contribute minimally to agerelated improvements. In the case of adults, masked thresholds: (1) are relatively stable across individuals (Green, 1976); (2) show a negligible practice effect so long as the subject has had some preexposure to the stimulus (Gundy, 1961; Swets and Sewell, 1963) ; and (3• cannot be shifted by more than !-2 dB by substantial changes in reward structure (Lukaszewski and Elliott, 1962; Green and Swets, 1966) . Our results, obtained from unpracticed adult listeners, are consistent with these observations, since the present masked thresholds are very similar to those obtained from highly trained subjects (see Fig. 4 and associated text). Unless practice effects and motivational factors operate differently in children, we would expect age-related variations in these factors to have little effect on children's performance in the masking task.
Second, we have observed little inattentiveness at any age, except for 6.5-month-olds. Inattention implies guessing in a forced-choice procedure, and one can demonstrate that gnessing on some trials would result in a shallower slope for the psychometric function as well as a lower asymptote. Examination of the psychometric functions (Fig. 2) . 5 ). Consequently, there is no evidence in this study that age-related improvement is attributable to greater precision (i.e., less variability) in the neural repre~ senration. However, because there are some circumstances under which we would not expect a slope change with a change in variability, we cannot eliminate the possibility that some of the observed changes in threshold are due to changes in the variability of the neural representation.
Nonlinear changes in the neural representation
Although we cannot readily account for these developmental changes in terms of increasing precision in the neural code for intensity, we can account for such changes if there are nonlinear, age-related alterations in this code. Letf(l, ) represent the neural code for the intensity of a narrow-band signal, Is, and letf(l n ) be the neural representation of the intensiiy of the masker, I n , after peripheral critical hand filtering. Suppose, following Zwislocki (1978) , that detection depends on the internal signal-to-noise ratio and that a pow- 
where c is the criterion internal signal-m-noise ratio. Note that, in this model, an x-dB increase in masker intensity requires an x-dB increase in signal intensity to maintain a constant internal signal-to-noise ratio. Age-related changes in masked sensitivity can be explained within this model by assuming that the exponent of the power function increases with age. Note that, for fixed signal and masker intensities, ( I• + I n )• / In p increases with p. Therefore, as p increases, a constant external signal-tonoise ratio produces a progressively larger internal signal-tonoise ratio. Thus, with increasing age, a progressively smaller external signal-to-noise ratio is required for detection.
The Zwislocki model is offered as one example of how age-related nonlinear changes in the internal representation of signal and noise could result in a lower signal-to-noise ratio required for threshold. We have no evidence to support the notion that there are developmental changes in the exponent governing the growth of loudness, but there are undoubtedly other nonlinear transformations that would generate a similar effect. The important point is that the changes must be nonlinear to produce the present pattern of results, for a linear change infwith age would not produce a change in internal signal-to-noise ratio. Thus the source of the changes in masked sensitivity cannot be attributed to any part of the system that remains linear throughout development. Because the mechanics of the outer and middle ear are thought to be essentially linear over a wide intensity range, it is unlikely that changes in masked thresholds can be attributed to changes in these systems. (Changes in a linear system that preserve linearity are linear changes. ) Because the eachlear microphonic (CM) also appears to be linear over a wide intensity range (Wever and Lawrence, 1954; Dallos, 1978) and because the CM is often thought to represent the initial stages in the cochlear transduction process, it is reasonable to assume that the chain of events from sound to auditory perception is essentially linear until the actual transduction into neural impulses. Therefore, developmental changes in these peripheral components should not affect masked To recapitulate, the attribution of the source of changes in masked thresholds to nonlinear changes in the neural representation of intensity rests on the following observations and arguments. First, if the initial stages of auditory processing are linear, and remain so over the course of development, then such developmental changes cannot affect masked thresholds. Second, developmental changes in attention are unlikely to be responsible for these changes because attentional ehangeg should be reflected in the slopes of the p•ychometric functions. However, as Fig. 5 shows, there is no evidence of slope changes with age. Third, it is unlikely that changes in the variability of the internal representation are responsible for the decline in thresholds because such changes should also be reflected in the slopes of the psychometric functions. Because the slopes do not change dramatically with age, it is unlikely that this factor plays an important role. Arguments based on the slopes of group psychometric functions, however, are not as convincing as those based on individual psychometric functions due to the fact that averaged slopes might obscure consistent trends observable in individual functions. Until it can be shown that the slopes of the psychometric functions for individual subjects do not change with age, we must allow for the possibility that some of the variation in masked thresholds might be due to attentional factors or to changes in the variability of the neural representation. Fourth, because there is no compelling evidence that critical band size changes substantially with age, this factor is unlikely to be principally responsible for the decline in the signal-to-noise ratio required for threshold. Fifth, at least one model (Zwislocki, 1978) exists whereby a nonlinear change in the neural representation of intensity would produce a decline in the external signal-tonoise ratio required for detection.
D. Comparisons between absolute and masked thresholds
Signal-detection accounts of absolute threshold typically assume that the signal is detected in the presence of neural noise that is internally generated and is of physiological origin (e.g., Zwislocki, 1978) . If this is indeed the case, then both absolute and masked threshold experiments involve the detection of signals in noise; in the absolute threshold case, the noise is internally generated, whereas, in the masked threshold case, the noise is primarily of external origin. Figure 3 showed that the signal-to-noise ratio required for threshold in a masking experiment changes as a function of age. As noted above, this could be because of cognitive factors (motivation, attention, etc.) or because of nonlinear changes in the neural code for intensity. If the same detection process is operative for absolute thresholds, and if the amount of internally generated noise is unchanged throughout development, then we would expect a comparable developmental course for absolute thresholds. The reason for this is that if infants required a higher signal-to-noise ratio than adults in a masking experiment, they would also require a higher signal-to-noise ratio in an absolute threshold experiment. Suppose, for instance, that the masked threshold for infants was 20 dB higher than that of adults. If the same detection process characterizes absolute threshold judgments, then infant absolute thresholds should be 20 dB higher than adult absolute thresholds, and the difference between masked and absolute thresholds for infants should be the same as the comparable difference in adults. possibility is that peripheral sensitivity at these frequencies is improving with age. Suppose, for example, that the outer and middle ear become more efficient at delivering energy to the inner ear as the child develops. Such age-related improvements in mechanical efficiency, affecting both signal and noise by the same amount, would not affect masked threshold but would reduce the signal intensity required for absolute threshold, thereby increasing the difference between masked and absolute thresholds. Therefore, the smaller difference between masked and absolute thresholds in younger children could be due to differences in mechanical efficiency between the ears of children and adults. Similarly, the development of a resonant frequency in the outer ear in the 2-to 4-kHz region may make the older child and adult more sensitive at this frequency. Note that an increase in the effective sound pressure in the ear canal, while it would reduce the intensity of the signal required for absolute threshold, would not affect the signal intensity required for masked threshold, providing that the masker was sufficiently intense. Therefore, the difference between masked and absolute thresholds would increase with age. In general, changes in ear resonance, changes in mechanical efficiency, and/or maturational changes in basilar membrane sensitivity could produce an increase in the separation between masked and absolute thresholds. Although it is premature to speculate on the relative contributions of such factors, it should be noted that the constancy in the difference between masked and absolute thresholds at 10 kHz suggests that changes in absolute threshold at high frequencies are due primarily to changes in the signal-to-noise ratio required for threshold. It is only at lower frequencies that additional factors, such as resonance changes, changes in membrane sensitivity, or changes in mechanical efficiency need to be consid- 
